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INTRODUCTION
Sputtering is a firmly established technique for the deposition of a wide variety of thin films. It is well known that the energy and angular distributions of the arrival flux can have profound effects on the film microstructure and other properties. In turn, process parameters such as working gas pressure and system geometry will have significant effects on these distributions, particularly in the lower pressure regimes when the sputtered gas is not completely thermalized at the background gas temperature. Consequently, there has been considerable effort over the past two decades to model the effects of process parameters on the deposition flux in sputter deposition. Studieslm9 have used various combinations of interatomic interaction models, nascent sputter distributions, and system geometries, usually combined with Monte-Carlo procedures, in order to model the gas phase transport. To date, however, there has been no systematic study of the effects of the various model assumptions used in these simulations. Such a comparative study is the aim of the present work.
A review of the seminal contributions to date has recently been presented by Turner et al. ' The papers most relevant to the present work are briefly summarized here. Motohiro2'3 used hard sphere potentials, as well as the more accurate potentials calculated by Abrahamson," in order to describe gas phase scattering, and a Thompson distribution" to describe particle ejection from the target. By analyzing the spatial distribution of film growth he concluded that his results were independent of the potential used to describe scattering and that the best agreement with the deposition profiles is obtained with a sin2 9 angular ejection proiile for the nascent sputter distribution. Vidal and Asomoza4 used a hard sphere potential, infinite parallel plates, and the Thompson distribution. Turner et al. ' used an infinite parallel-plate geometry, a LennardJones 6-12 potential, and the Thompson distribution. They determined the spatial densities and average kinetic energies of the sputtered particles, as functions of pressure and the distance from the cathode. The researchers were able to obtain results in good agreement with experimentally determined longitudinal velocity distributions of the sputtered atoms measured by Doppler broadening in a parallelplate reactor. We have recently obtained results5'6 for the angular and energy distributions of the arrival flux at a substrate, by using a realistic chamber geometry, fractal TRIM simulations'2 for the sputter distribution, and the so-called " Universal" potential13 (originally developed to calculate ion stopping powers in solids) to describe the gas phase scattering problem. Despite the relatively high level of activity in this field, with the exception of Motohiro' s comparison of deposition protiles,3 there has been no systematic study of the effects of the various model assumptions on the energy and angular distributions of the deposition flux. If the distributions are insensitive to the choice of these assumptions, this would allow modelers to use, for example, hard sphere and Thompson analytical formulations, which are not only much easier than the others to implement, but would also greatly decrease the overall computation time. On the other hand, if variances between the results of different potentials are found, then previous results must be critically reviewed in order to determine their applicability.
In general, three regimes for the gas phase transport can be considered, characterized by the product pd, where p is the working gas pressure and d is the target-tosubstrate distance.14 In the high-pressured regime, where pd+50 mTorr cm, the large number of collisions with background gas that occur while the sputtered particle is in transit between the target and substrate will thermalize the sputtered atoms. The film growth flux thus arrives with a nearly iostropic angular distribution and an energy distribution which is close to that of the background gas, and is not sensitive to the nascent sputter distribution leaving the target. Furthermore, the results are relatively insensitive to the form of the interatomic scattering potential, since the numerous collisions "wash out" the details of the interaction. This regime is .characteristic of high-pressure diode sputtering, for example. In the very-low-pressure regime, wherepd(5 mTorr cm, the number of collisions that occur with the background gas are negligible. As a result the deposition flux distributions are closely related to the nascent sputtered distributions. The geometry of the system may also have a large effect on the arrival flux distributions. Such a situation occurs in ion beam sputtering. In the intermediate regime, where 5 cpd < 50 mTorr cm, there are a small number of collisions, so that the distributions can be changed significantly from the nascent distributions. However, a significant portion of the tlux retains memory of its original distribution, and the resulting deposition flux distributions are expected to be sensitive both to the nascent sputter distributions and the gas phase scat: tering potentials. In modeling this intermediate' regime, which is commonly used in magnetron sputtering, it is therefore important to determine the influence of sputter distributions, gas phase scattering potentials,. and system geometry on the substrate arrival flux distributions;-In this work a detailed comparison is made of the various types of interatomic potentials used in the literature for gas phase collisions in the intermediate pd regime. In addition, the difference between the analytic Thompson distribution and a more accurate fractal TRIM simulation for the nascent sputter distribution are studied. These results are relevant for both the low and intermediate pd regimes. Finally, the effects of a finite system geometry, in contrast to the infinite parallel plates typically used, are considered. For definitiveness, and because of its relevance to our mass spectrometry studies,15 the case of silicon sputtered by argon in a realistic circular magnetron geometry will be considered. For all of the aforementioned comparisons, the discussion will focus on the higher energy ( >0.25 eV) part of the substrate arrival flux distribution, since this is the portion most sensitive to the model parameters. Although the present model could easily be extended to encompass the lower energy part of the distribution, this would greatly increase computation time. In addition, this regime is very sensitive to the low-energy (attractive) part of the interatomic potential. An accurate treatment of this part of the potential requires sophisticated quantum mechanical methods, and has not been carried out for the argon-silicon case of interest here. 'Instead, the lowerenergy part of the distribution has been accounted for by using approximations described below.
II. PROCEDURE A. Gas phase scattering
In order to accurately compare the results of different potentials, sputter distributions, and the effect of system geometry, it is'hecessary to evaluate the complete angular and energy distributions at the substrate. For the gas phase transport a classical description of the scattering dynamics using analytic potentials has been applied. Monte Carlo sampling procedures are used to treat an ensemble of particles. Although the potentials used in this study do not exhaust all possibilities, they comprise three representative cases that have been used in the sputtering literature thus far.
For a given spherically symmetric atom-atom interaction potential and specified initial conditions of relative kinetic energy and impact parameter, the scattering problem is completely determined. For the relative scattering angle in the center of mass frame,16 dr 8 co,,,==r-2b
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(1) where r. is determined from the implicit equation b2=$j (1-_v(ro') .
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In general both Eqs. (1) and (2) To begin a trajectory, the sputtered atom is released from the target surface with its energy and angle determined by either the Thompson distribution or the fractal TRIM, simulation. In the former case, the rejection method of sampling with the modification used by Turner et al. ' was used. The TRIM simulation data explicitly give the distribution in discrete form. These distributions will be discussed in greater detail in Sec. II C. The location of the first collision in the gas is determined by assuming a distribution P(r) of free paths r, where n(E) is the (energy-dependent) mean free path given by the relation n(E) = (Nob&,) -I, and iV is the argon density. To determine the free path r, a random number RN1 is generated and the free path is calculated from r=,l (E) ln( RN1 ) , according to standard Monte Carlo procedure.17 Once a collision has occurred, a second random number RN2 is generated and b is calculated from the relation b = b,,,( RN2) 1'2. Equation ( 1) then gives the polar scattering angle, and the energy transferred is given by I6
where Mt is the mass of the background gas argon, MB is the mass of the sputtered species silicon, and Eint is the energy of the silicon atom before the collision. A third random number RN3 is used to generate the azimuthal angle $=2rr(RN3). Transformation back to the laboratory frame completes the scattering event, and a new free path, corresponding to the new energy, is determined as above. The cycle continues until either the trajectory intercepts the substrate area, in which case the energy and intercept angle are recorded, or the trajectory intercepts the chamber boundaries and the silicon is considered lost. A new atom is then launched from the target and the simulation is repeated.
Since we assume that the argon atom; are initially stationary, the simulation is not valid if the energy of the sputtered silicon becomes comparable to kT of the background gas. Although extension of the present simulation to energies lower than kT is straightforward, a significant increase in computation time would be required. In addition, the low-energy transport is very sensitive to the more uncertain low-energy attractive part of the potential. On the other hand, the fraction of the sputtered flux that degrades to low energy is an important parameter that characterizes the gas interatomic potential, and it is therefore useful to estimate its contribution to the total arrival flux. In this simulation, if the energy of an atom falls below 0.25 eV within the chamber boundaries, its location is noted and the atom is considered "quasithermalized." The contribution of these quasithermals to the deposition flux can then be calculated using a diffusive transport mode1.6"8 The initial quasithermal distribution is used as the source term, and Fick's law is integrated assuming a unity sticking coefficient at all surfaces. The results yielded by such a model probably underestimates somewhat the contribution of quasithermals to the total flux, since it is expected that the atoms would have directed velocity towards the substrate. Nevertheless, the quasithermal concept is a useful qualitative characterization of the gas phase interaction potential.
B. Scattering potentials Figure 1 shows the scattering potentials used in this study. The hard sphere potential, with its radius typically derived from viscosity measurements," has the advantage that Qs. ( 1) and (2) can be solved analytically. This type of potential is a reasonable approximation for the lowenergy many-collision limit. In the higher energy, few collision case studied here the hard sphere interaction is expected to be a poor approximation. A more realistic form for the potential is the Lennard-Jones 6-12 formulation," given by
In this case, the rw6 term corresponds to the long-range Van der Waals interaction between neutral molecules. Thus, this potential should treat the low-energy part of the interaction much more accurately than does the hard sphere, and is commonly used for accurate transport at thermal energies. The r12 term is included in order to account for repulsion at small interatomic separations, but does not otherwise-have a rigorous justification. The parameters E and u for argon and silicon are taken to be 53 meV and 3.146 & respectively.20 Although somewhat "softer" (i.e., less steep) than a hard sphere, this form of the repulsion is still much steeper than that found by more rigorous calculation, and hence may not give accurate results in the few-collision high-energy limit.
There have been several calculations to obtain more accurate potentials at energies in the few eV range and above. Abrahamson" has used the Thomas-Fermi-Dirac method to calculate the repulsive part of atom-atom potentials for 92 elements. He found that when 0.8<rs; 1.9 A the potentials could all be expressed in the Born-Mayer form V(r) =A exp( -br).
(6) For the silicon-argon case A= 5942 eV and b=3.664 A-'." In Fig. 1 , the much "softer" nature of this potential, as compared to the hard sphere and 6-12 potential, is evident. This feature has the consequence that the effective total cross section is strongly energy dependent. At low energies the Abrahamson potential can, in principle, be modified to account for the long-range Van der Waals interaction by using the expression T 8cm -I-FIG. 2. Geometry used in the simulations. A 5.08-cm-diam sputtering target with a 2.2-cm-radius racetrack is centered facing a 2.54-cm-square substrate at a separation of 8 cm. The chamber is a parallelipiped 20x20 X8 cm. 0 is the surface normal at the substrate.
where the (C/rf) term is used to produce a smooth transition between the Born-Mayer and the r-' terms, This method is, admittedly, rather ad hoc and probably inaccurate in the low-energy regime. However the results presented here were found to be insensitive to the presence or absence of the attractive well; this was to be expected because the emphasis in the present work is on the highenergy part of the distribution.
C. Sputter distribution
For the nascent distribution of sputtered particles, either the analytical Thompson distribution or fractal TRIM distribution was used. The Thompson distribution is derived assuming that ejection results from the generation of atomic collision cascades, that the energy in the cascades is shared by two-body collisions, that the mean collision free path is independent of energy, and that the existence of a surface binding energy causes refraction at the surface." The distribution is proportional to
where Eb is the binding energy of the target atoms, El is the energy of the incident ion, 0 is the sputtered particle's emission angle with respect to the target normal, and AE, is the maximum recoil energy. A is given by 4M&f* /(Mi +M,)2, where M[ is the incident ion mass and Mt is the mass of a target atom. It should be noted that the energy and angular parts of this distribution are separable, i.e., there is no angular dependence in the energy distribution. A more accurate method for determining the nascent sputter distribution is by the transport of ions in matter simulation, or TRIM, developed by Biersack and Haggmark.21 This is a Monte Carlo simulation of particle transport in the solid phase, analogous to the gas phase scattering rou-tine described above. Details may be found in Ref. 21 . In order to explicitly account for the roughness that realistically occurs on the sputtered surface, the standard TRIM code has been modified using techniques from fractal geometry. l2 Comparisons of fractal TRIM with standard (planar) TRIM indicate that significant differences in sputter yield and reflection probability will occur for light ions on heavy targets at low energies and grazing incident angles. 12t22 Under the conditions of the present simulation, however, planar and fractal TRIM give essentially the same results; for definitiveness, fractal TRIM is used here.
We shall see that the fractal TRIM distribution differs significantly from the Thompson distribution, particularly with regard to the angular dependence of the energy distribution. These differences have important consequences for finite geometry simulations. The target (silicon) binding energy and the fractal dimension of the surface are input parameters for the fractal TRIM simulation. A best fit to the experimental sputter yields22 versus energy gave 5.1 eV and 2.01 for these parameters, respectively.
D. Calculation
For the present simulations, the geometry given in Fig.  2 was used. The sputtering source was a 5.08-cm-diam circular silicon target, with a magnetron "racetrack" annulus as the source of the sputtered atoms. The midpoint of the racetrack annulus was at a radius of 1.1 cm. The probability of sputtering from a given point on the racetrack was determined from a measurement of the groove depth profile on an actual sputter source. The chamber width and target-to-substrate distance were fixed at 20 and 7.5 cm, respectively; these are approximately the same dimensions of the chamber used in our film growth and mass spectrometer experiments. l5 The simulations were performed at an argon pressure of 4.5 mTorr, corresponding to apd of 34 mTorr cm, and were run until 25 000 Si atoms arrived at a 6.45 cm2 substrate centered over the sputtering target.
Ill. RESULTS AND DISCUSSION
A. Gas phase scattering effects Figure 3 compares the angle-integrated energy distributions F(E) [where F(E) dE is the probability that a particle arrives at the substrate in the energy range between E and E+dEJ, summed over the substrate, that result from the scattering described by the three types of potentials used in this study: (a) the hard sphere, (b) the LennardJones 6-12, and (c) the Abrahamson. For these three cases the fractal TRIM simulation was used for the nascent sputter distribution. For purposes of comparison, Fig. 3 also shows the energy distribution of the arrival flux when no scattering takes place.
It is observed that the unscattered flux peaks at approximately half of the Si binding energy and that it has a long high-energy tail. When scattering occurs, all distributions are shifted to lower energies. This shift is very dramatic for the hard sphere potential, while the Abrahamson potential has the smallest effect on the nascent distribution. The 6-12 potential yields a result somewhere between the Angle-integrated energy distributions of the silicon arrival flux, summed over the substrate for the hard sphere, Lennard-Jones 6-12, and Abrahamson potentials, using the geometry in Fig. 1 . Fractal TRIM was used to generate the nascent sputter distribution using ions with 365 eV incident energy. Also shown is the energy distribution of the arrival flux with no gas phase scattering, corresponding to zero argon pressure.
two generated by the hard sphere and the Abrahamson potentials, but much closer to the latter. In Table I the average and global quantities determined from the energy distributions are listed.
The results in Fig. 3 and Table I indicate that the choice of gas phase interatomic potential profoundly affects the energy distribution of the arriving flux in the intermediate pd regime. The arrival distributions in Fig. 2 are consistent with the energy dependence of the total and differential cross sections and the energy transfer relation Eq. (4). Since the hard sphere cross section is energy independent, all sputtered atoms have equal scattering probability. In addition, the average scattering angle is large, and this results in a significant energy transfer per collision. These effects combine to produce the large downward shift in the energy distribution relative to the nascent distribution, and lower the average energy of the arrival flux. In contrast, the "softer" potentials, with their energydependent cross sections, allow the high-energy component of the sputtered particle distribution to move preferentially towards the substrate, while the lower-energy particles are more likely to scatter. This "energy filtering" effect is responsible for keeping the average and median energy of the arrival flux high. The scattering for the soft potentials is also more forward peaked, giving a smaller energy transfer per collision. Consequently the arrival flux is less energy degraded as compared to the hard sphere case. Inclusion of the quasithermal contribution in the energy distribution will further accentuate the differences between the potentials (last column of Table I ). It is noteworthy that, although the 6-12 potential is somewhat softer than the hard sphere, there are still significant differences between the former and the more rigorous Abrahamson potential.
Another quantity of interest is the arrival probability, p(a), which measures the fraction of sputtered particles that arrive onto the substrate with energies greater than 0.26 eV ( Table I ). The absolute value of this quantity will of course depend on the system geometry and the nascent sputter distribution, as well as the interatomic scattering potential, however, it is useful for purposes of comparison. Increasing the average scattering angle per collision by increasing the steepness of the potential will decrease p(a), not only because more of the energetic flux is deflected away from the substrate, but also because more quasithermals (i.e., those sputtered atoms that have energies less than 0.26 eV> are produced as indicated in Table I . It is observed that the sputtered particles scattered by the hard sphere potential have the smallest probability of arriving at the substrate with energies above 0.26 eV, whereas those scattered by the softer potentials have arrival probabilities that are two to three times larger than those resulting from the hard sphere model.
The energy-integrated angular distribution G( 0) of the arrival flux with respect to the substrate normal is shown in Fig. 4 . The unscattered flux is observed to arrive at angles less than 26.5", corresponding to the maximum lineof-sight angle from the target racetrack. The total flux of atoms that arrive at angles less than 26.5" is made up of both directed (unscattered) and scattered components, while particles arriving at larger angles undergo at least one scattering event. It is worth noting that a purely isotropic distribution (i.e., equal arrival probability per unit solid angle) would peak at 45", and go to zero at 0" and 90". Such a distribution would result from a completely thermalized flux characteristic of high-pressure diode sputtering. The trends in Fig. 4 show that the steeper the potential, the faster the approach towards a more isotropic distribution, which is consistent with the discussion of the collision physics presented earlier. The smaller average cross section for the softer potential allows a larger fraction of the energetic directed flux to arrive. In addition the differential scattering cross section is more forward peaked TABLE I. Global and average quantities for the arrival flux distribution, using the various interatomic potentials for the geometry of Fig. 1 Fig. 3 . Also shown is the distribution for no gas phase scattering, corresponding to zero argon pressure.
than that which occurs with the hard sphere. Thus, with the softer potentials, an atom is able to undergo many small angle scattering events, retain a large fraction of its energy, and still arrive with the 27" unscattered cone.
These results imply that, in this intermediate pd regime, use of the hard sphere potential will result in significant errors for the energy and angular distributions of the arrival, flux. Although both the Lennard-Jones 6-12 and the Abrahamson TFD potentials give roughly similar results, there are still some differences between them. Of course, at much higher pd values, all potentials should give similar energy and angular distributions, namely an isotropic flux with a Maxwellian energy distribution (corresponding to the background gas temperature near the substrate). In this case the transport can be described by diffusion and a Monte Carlo simulation of the transport is unnecessarily computationally expensive. However, the value ofpd that marks the transition to this regime will still depend strongly on the interaction potential used, i.e., the hard sphere potential will predict a "thermalization" pd that is much lower than that resulting from the softer potentials. Consequently, even in high-pressure diode sputtering, accurate potentials are required in order to determine the initial "source function" to be used in the diffusion modeling.9.14 B. Sputter distribution In previously reported simulations, it has been common practice to emit the particles from the sputtering target at either a single energy;or, more realistically, by using the analytical Thompson distribution. ' i As-previously mentioned, the Thompson distribution can be factored into independent energy and angular parts. A cosine angular distribution and an energy distribution independent of angle result from, the assumption of isotropic recoil fluxes within the target.23 The present TRIM simulations make no apriori isotropy assumptions, and should therefore provide a more accurate description of the sputtering process. If little or no difference between the fractal TRIM and Thompson distributions is observed, it may be concluded that the choice of method used to generate the nascent particle distributions is unimportant. However, any differences between the arrival fluxes would require further investigation to determine when, if ever, the use of the Thompson distribution is justified. The nascent sputtered particle energy distributions F,(E), integrated over all ejection angles, are shown in Fig. 5 for incident ion energies of 365 and 1500 eV. This range of ion energies reflects the upper and lower bounds of typical planar magnetron deposition operating conditions. Both distributions peak at about one half the binding energy (5.1 eV> and decrease with a l/E2 dependence. While the fractal TRIM distribution at 365 eV is shifted to somewhat lower energies, close agreement with the Thompson distribution is observed at 1500 eV ion energy. Similar results were obtained by Biersack and Eckstein using the TRIM.SP simulation.24 It is worth noting that both the average and median energies of sputtered particles obtained by using each of the two distributions are also in fairly close agreement. This result demonstrates the ability of the Thompson distribution to predict angle-integrated energy distributions.
In Fig. 6 the energy-integrated probability of ejection at the angle measured with respect to the target normal, 8, divided by the corresponding solid angle, is plotted as a function of cos( 0). If ejection follows a cosine distribution, then the data plotted in this manner will yield a straight line, as is the case for the Thompson distribution. The angular ejection probability obtained from using fractal TRIM is observed to deviate significantly from the cosine distribution when 365 eV ions are used for sputtering. In this case the ejection probability is under cosine at small ejection angles, while it is over cosine at large ones; the same pattern occurs with 1500 eV ions, although to a much lesser degree.
The results obtained using fractal TRIM are consistent with experimental data and other simulations reported in the literature (for a recent review see Ref. 25) . For example, the experiments of Olson and co-workers26 indicate that for low incident ion energies ( < 1000 eV), the angular distribution of sputtered atoms is significantly "under cosine," Biersack and Eckstein also found under-cosine angular distributions at lower energies for Ne on Ni using the simulation TRIMSP,24 and Robinson has obtained similar results using the MARLOWE simulation for the selfsputtering of uranium. 27 The under-cosine distribution apparently results from insufficient flux randomization during the shallow cascades. 2~~' The difference between the angular emission probabilities predicted by the simulations and the Thompson distributions could significantly affect the arrival probability of a sputtered particle onto a finite area substrate located in the chamber volume. This effect will be quantified more precisely in the next section.
In Fig. 7 the average energy at each ejection angle with respect to the target normal is plotted as a function of that angle for the same distributions shown in Fig. 6 . A significant difference between the two distributions is evident. II. Average and median energy as a function of the position of 1 cm2 substrates located in a plane 7.5 cm from a 5.08-cm-diam circular magnetron. The Abrahamson potential was used for gas phase scattering with 1.5 mTorr argon, and the sputter distributions used au incident ion energy of 365 eV. With increasing ejection angle, the fractal TRIM average energy is observed to initially rise, reach a maximum, and then decrease slightly. Qualitatively similar results were obtained by Eckstein using TRIMSP for 1 keV Ar on Ni.28 As noted by Ekstein, these results imply that the energy and angular distributions are not separable, contrary to the assumption made in the analytic formulations. These results can be understood in the following way. An incoming ion's momentum will be directed 180" opposite to the direction of the target normal vector. In order for a particle to be emitted at small angles with respect to the normal, it must undergo, on average, more collisions than a particle ejected at large angles. Because the amount of energy lost by a particle will increase as the number of collisions increases, a particle ejected at large angles will, on average, be emitted at a higher energy than a particle ejected at small angles. In contrast, the Thompson formalism results in an energy distribution that is independent of angle, with the higher incoming ion energy producing an average energy that is approximately 10 eV larger.
C. System geometry
The similarities between the energy distributions shown in Fig. 5 indicate that, in simulations where infinite parallel plates are used, the Thompson and fractal TRIM distributions will give similar results, since both the angle of emission and the energy dependence on that angle are averaged out. However, with a finite system geometry, and particularly the "racetrack" geometry characteristic of magnetron sputtering, the angular dependencies observed in Sec. III B can have significant effects on the angular and energy distributions of the arrival flux. In order to test these effects, the following simulation was performed. Three separated 1 cm' substrates were placed, respectively, directly over, 2.9 cm away from, and 5.7 cm from the target center. All substrates were located in a plane 7.5 cm from the target. Using the Abrahamson potential to describe gas phase scattering and a low ( 1.5 mTorr) pressure of Ar, simulations were run using 365 eV ions for both the fractal TRIM and the Thompson distribution. The results are shown in Table II . As expected, the Thompson distribution gives results that are independent of the location of the substrate. The same is not true of the fractal TRIM simulation; in particular, as the substrate becomes more normal to the target, a lower energy flux is intercepted, and the energy distribution gets shifted down. These results are consistent with the differences in nascent sputter distributions described in the previous section.
Thus, it may be concluded that when finite geometry is important, the Thompson distribution cannot be expected to give precise results pertaining to the energy of the depositing species at low pd, since the energy distribution of the arrival flux will be strongly dependent on the location of the substrate. In addition, these results imply that the energy distribution of the arrival flux on a large area substrate will not be uniform, which could lead to structural inhomogeneities in large area thin films. These effects are most pronounced when using the low-energy ions characteristic of magnetron sputtering, whereas for ion beam sputtering at several keV, these effects will be diminished.
IV. CONCLUSIONS
A comparative study of the interatomic potentials, nascent sputter distributions, and system geometry used to model low-pressure magnetron sputtering has been presented. For the intermediate pd regime (in this case 34 mTorr cm) the choice of interatomic potential has a large effect on the energy and angular distributions of the arrival flux. Hard sphere potentials result in large downward shifts in the energy distribution, and in considerable broadening of the angular distributions, compared to "softer" potentials such as the Lennard-Jones 6-12 and Abrahamson potentials. The softer potentials exhibit an energy filtering effect, due to the energy dependence of the collision cross section, which acts to keep the average energy high. Consequently significant errors in the energy and angular distributions, as well as the arrival probability of. the depositing flux, will occur in this intermediate pd regime if hard sphere potentials are used.
For the nascent sputter distribution, the angleintegrated fractal TRIM distribution is in close agreement with the analytic Thompson distribution. However, the angular distribution and the angular dependence of the energy distribution were found to differ significantly between the two cases. In particular, the fractal TRIM simulation predicts both a higher probability of emission and a greater average energy at large angles with respect to the surface normal, in contrast to the Thompson distribution, which assumes an energy-independent cosine distribution. These effects, which are most pronounced at lower incident ion energies, can have a profound influence on the arrival flux for finite area substrates located at different positions in the substrate plane, as well as for different regions on a large substrate, when realistic magnetron geometries are employed. 
